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Abstract The ability of Cucumber mosaic virus (CMV)
subgroup II strain CMV-KT to suppress RNA silencing via
posttranscriptional gene silencing (PTGS) was determined
using Turnip mosaic virus (TuMV)-resistant transgenic
Arabidopsis thaliana (TuR-At) carrying TuMV coat pro-
tein (CP) transgenes. CMV-KT induced only slight growth
retardation in TuR-At plants, but no dwarf or mosaic
symptoms, while subgroup I strain Y (CMV-Y) caused
severe symptoms. Expression of the RNA-silenced TuMV-
CP transgene resumed and produced TuMV-CP in either
CMV-KT- or CMV-Y-infected TuR-At plants, indicating
that the RNA silencing of the TuMV-CP gene was sup-
pressed. Challenge inoculation experiments revealed that
RNA silencing of the TuMV-CP transgene by CMV-KT
infection is suppressed mostly in young developing leaves,
but not in mature leaves, of TuR-At plants. These results
demonstrated that transgene-derived virus resistance in
transgenic Arabidopsis plants can be compromised by even
a mild strain of CMV infection.
Keywords RNA silencing  Suppressor  Cucumber
mosaic virus  Turnip mosaic virus  Virus resistance
Introduction
Cucumber mosaic virus (CMV), the type species of genus
Cucumovirus, consists of three genomic RNAs of different
sizes (RNA1, RNA2, and RNA3) with two subgenomic
RNAs (RNA4 and RNA4A) and is classified into one of
three subgroups (IA, IB, or II) based on sequence homol-
ogy (Palukaitis and Garcı´a-Arenal. 2003; Roossinck et al.
1999). Some CMV strains carry an additional low molec-
ular-weight satellite RNA that affects the expression of
symptoms to various degrees (Devic et al. 1989; Gonsalves
et al. 1982). Mutations within the viral coat protein (CP) or
2b protein gene(s) resulting in amino-acid substitutions
also affect symptom development and disease severity
(Shintaku et al. 1992; Suzuki et al. 1995). CMV-2b protein,
which is involved in the long-distance movement and
pathogenicity of the virus, functions as an RNA silencing
suppressor (RSS) (Ding et al. 1994, 1995; Lewsey et al.
2009; Shi et al. 2002, 2003; Soards et al. 2002; Zhang et al.
2006). It suppresses RNA silencing via binding to Arg-
onaute 1 and targeting small RNAs; the ability of 2b to
bind small RNAs is critical for RSS activity (Gonza´lez
et al. 2010; Goto et al. 2007). In addition to the RSS
activity identified for the CMV 2b protein, RSS has been
identified for proteins from various plant pathogenic viru-
ses such as the HC-Pro from Potyvirus, the P25 protein
from Potexvirus, and the P19 protein from Tombusvirus, all
of which possess species-specific mechanisms of suppres-
sion (Anandalakshmi et al. 1998; Brigneti et al. 1998;
Vargason et al. 2003; Voinnet et al. 2000).
The fact that plant viruses possess RSS implies that
resistance to a specific virus via RNA silencing of the
transgene would be lost when transgenic plants were co-
infected with other viruses that also exhibit RSS. Actually,
Savenkov and Valkonen (2001) reported that Potato virus
Y (PVY) infection breaks down the Potato virus A resis-
tance of transgenic Nicotiana benthamiana plants carrying
the CP transgene. For PVY-resistant transgenic tobacco
plants carrying the nuclear inclusion a (NIa) transgene,
Mitter et al. (2003) showed that PVY resumed infectivity
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when the transgenic tobacco plants were pre-infected by a
severe strain of CMV. The ability of a CMV severe strain
to break down the transgenic resistance to a virus was also
demonstrated in transgenic Plum pox virus (PPV)-resistant
N. benthamiana plants containing the 50-region of the NIa
gene, while Tobacco vein mottling virus (TVMV) could not
(Simo´n-Mateo et al. 2003). However, whether mild CMV
strains can suppress the RNA silencing and whether the
virulence level affects the efficiency of RNA silencing has
not been determined.
Previously, we reported that transgenic Arabidopsis
thaliana carrying the full coding region of a Turnip mosaic
virus (TuMV)-CP gene showed complete resistance to
TuMV isolates (Nomura et al. 2004). The purpose of the
present study was to determine the RNA silencing sup-
pression ability of a mild strain of CMV isolated from
tomato using TuMV-resistant transgenic A. thaliana plants
(TuR-At) carrying posttranscriptionally silenced TuMV-
CP transgenes.
Materials and methods
Arabidopsis lines and viral strains
Three TuR-At Arabidopsis lines, CP112-R1, CP202-R1,
and CP232-R1, carrying TuMV-CP transgenes with post-
transcriptionally silenced expression, and a TuMV strain,
TuMV-JO, were described previously (Nomura et al.
2004). Nontransgenic wild-type Col-0 of Arabidopsis tha-
liana was used as the control in these experiments. Mild
strain CMV-KT and severe strain CMV-Y were used as
counter viruses (Nomura et al. 2012; Suzuki et al. 1991).
Western blot analysis
Leaves (ca. 50 mg) were harvested and prepared for wes-
tern blotting using TuMV-CP or CMV-CP rabbit poly-
clonal antiserum as described previously (Nomura et al.
2004).
Response of TuMV-resistant transgenic Arabidopsis
plants to TuMV after CMV-KT pre-inoculation
Viral inoculum was prepared by grinding N. tabacum
(tobacco) or N. benthamiana leaves infected either with
CMV-KT or TuMV-JO in 0.1 M phosphate buffer (pH
7.0). When A. thaliana plants bore 10 fully expanded
leaves, CMV-KT was inoculated as the first virus by rub-
bing the inoculum onto three fully expanded mature leaves.
Plants were then kept in a growth chamber at 22 C with
12 h light/12 h dark. 1 week after inoculation, establish-
ment of CMV-KT infection in the inoculated plants was
confirmed by western blot using rabbit polyclonal anti-
CMV serum. For challenge inoculation tests, TuMV-JO
was used to inoculate either three mature leaves 7 days
later or three newly emerged developing leaves 14 days
after the CMV-KT pre-inoculation. In both cases, estab-
lishment of TuMV infection in these challenge-inoculated
transgenic plants was determined by RT-PCR 2 weeks
after the challenge inoculation. Because the TuMV-inoc-
ulated transgenic plants contain TuMV-CP transgenes, RT-
PCR was performed by targeting the nuclear inclusion b
(NIb) gene of TuMV instead of the TuMV-CP transgene to
specifically detect TuMV. A forward primer (NIbF1: 50-
GGAAACAATAGCGGACAGC-30) and reverse primer
(NIbR1: 50-CTGGTGATAAACACAAGCTT-30) were
used with the RNA LA PCR Kit (Takara Bio, Otsu, Shiga,
Japan) according to the manufacturer’s instructions to
amplify a 632-bp DNA fragment within the NIb gene.
Amplified DNA fragments were separated by 1 % (w/v)
agarose gel electrophoresis and cloned into the pT7 Blue
vector (Novagen, Madison, WI, USA).
Sequencing analysis of the 2b gene of CMV-KT
A conserved region of 817 bp within the RNA2 genome of
CMV-KT was cloned from total RNA extracted from
CMV-KT-infected tobacco leaves by RT-PCR using the
RNA LA PCR Kit (Takara Bio) with forward primer
CMV.RNA2F1 (50-TCGAGTTGAAATACAAGAAG-30)
and reverse primer CMV.RNA2R1 (50-TGGTCTCC
TTATGGAGAACC-30) according to the manufacturer’s
instructions. Amplified DNA fragments were separated by
1 % (w/v) agarose gel electrophoresis and cloned into the
pT7 Blue Vector (Novagen) for cycle sequencing using an
automated 3130 DNA sequencer (Applied Biosystems,
Foster City, CA, USA) according to the manufacturer’s
instructions.
Results
Suppression of RNA silencing by a mild strain of CMV
in transgenic Arabidopsis plants
In nontransgenic Arabidopsis plants, CMV-KT, a mild
strain of CMV, induced slight growth retardation but not
dwarfing or mosaic symptoms; however, CMV-Y, a severe
strain, caused distinct dwarfing and mosaic, as described
previously (Nomura et al. 2012). Although both CMV-Y
and CMV-KT multiplied in all plants of three TuR-At-
transgenic lines, CP112-R1, CP202-R1, and CP232-R1, as
confirmed by western blot, the level of accumulation was
higher in plants inoculated with CMV-Y than in those
inoculated with CMV-KT (Fig. 1a). When the same line of
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Arabidopsis plants was pre-inoculated with either CMV-Y
or CMV-KT, TuMV-CP was detected by western blot in all
of the TuR-At and wild-type plants that had been pre-
inoculated with CMV, while no signal was detected in any
of the plants that had not been inoculated with CMV
(Fig. 1b). Interestingly, TuMV CP accumulation levels
differed depending on the tissue: TuMV CP was not
detected in the CMV-pre-inoculated leaves or in mature
leaves, but was detected at conspicuously high levels in the
developing leaves and bolting shoots (data not shown).
These results demonstrated that the RSS activity of CMV
was high in developing leaves and bolting shoots and that
mild strains of CMV can also suppress the RNA silencing
of TuMV-CP transgenes in all of these TuR-At lines.
Response to TuMV infection in transgenic Arabidopsis
plants pre-inoculated with CMV
To determine the effects of pre-inoculation with CMV-KT
on the response of TuR-At to TuMV infection, the mature
leaves of TuR-At plants were first inoculated with CMV-
KT, and then their developing leaves were challenge-
inoculated with TuMV at 14 days after the pre-inoculation.
As a result, 40–60 % of the TuR-At plants lost their TuMV
resistance and began to show not only growth retardation,
but also typical viral symptoms comparable to those that
occur in nontransgenic, wild-type plants (Fig. 2a, b;
Table 1). In contrast, when mature leaves were inoculated
with TuMV at 7 days after CMV-KT pre-inoculation,
TuMV resistance was maintained, and plants exhibited
normal growth (Fig. 2c). RT-PCR detection of TuMV in
the TuR-At plants pre-inoculated with CMV-KT also
confirmed that TuMV had multiplied in plants that had
been challenge-inoculated with TuMV on developing
leaves, whereas no TuMV CP was detected in plants that
had been challenge-inoculated with TuMV on mature
leaves (Fig. 3). Therefore, these results demonstrate that
suppression of RNA silencing of the TuMV-CP transgene
by CMV-KT infection mostly occurs in the young devel-
oping leaves, but not in the mature leaves of TuR-At plants.
Sequence analysis of the CMV 2b gene
After establishing that both CMV-KT and CMV-Y used in
the present study could suppress RNA silencing in TuR-AT
plants regardless of differences in their pathogenicity, we
then determined the sequence of the CMV-KT 2b protein
gene (GenBank/EMBL/DDBJ database accession:
AB709965), which plays a major role in RNA silencing
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Fig. 1 Response of Turnip mosaic virus (TuMV)-resistant transgenic
Arabidopsis thaliana plants, carrying the coat protein (CP) gene of
TuMV to inoculation with Cucumber mosaic virus (CMV). a Detec-
tion of inoculated CMV by western blot using rabbit antiserum
against CMV-CP; b detection of TuMV-CP derived from the TuMV-
CP transgene by western blot using rabbit antiserum against TuMV-
CP. Nontransgenic, wild-type A. thaliana plants (Col-0) inoculated
with either a severe CMV strain (CMV-Y) or TuMV were used as the
controls. Transgenic A. thaliana plants containing posttranscription-
ally RNA-silenced TuMV-CP gene(s). Lane 1 Col-0 infected with
TuMV, lane 2 Col-0 infected with CMV-Y, lane 3 noninfected Col-0,
lanes 4–6 transgenic lines (listed below) without CMV inoculation,
lanes 7–9 transgenic lines inoculated with CMV-Y, lanes 10–12
transgenic lines inoculated with CMV-KT. Transgenic lines are
CP112-R1 (in lanes 4, 7, and 10), CP202-R1 (in lanes 5, 8, and 11)
and CP232-R1 (lanes 6, 9, and 12)
a b c
Fig. 2 Differential response of an Arabidopsis thaliana wild-type
plant and Turnip mosaic virus (TuMV)-resistant transgenic plants to
TuMV infection. a A Col-0 plant inoculated with TuMV only;
b CP112-R1 pre-inoculated with a mild strain of Cucumber mosaic
virus (CMV)-KT onto mature leaves, followed by challenge inocu-
lation with TuMV at 14 days after CMV-KT pre-inoculation;
c CP112-R1 pre-inoculated with CMV-KT, followed by challenge
inoculation with TuMV of mature leaves at 7 days after CMV-KT
pre-inoculation
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Homology analysis of the 2b genes demonstrated that
CMV-KT shares 98.3 and 99.0 % homology with subgroup
II strains CMV-Q and CMV-TN, respectively, but shares
only 62.0 and 65.0 % homology with subgroup I severe
strains CMV-Y and CMV-O, respectively. When the 2b
sequence of CMV-KT was compared with that of CMV-Q
in subgroup II, there were four single-base differences
within the 2b protein gene and two of these four base
changes were predicted to correspond to the amino acid
substitution, L17H and I51F, while the remaining two were
silent mutations. Two single-base changes in 2b protein
gene were also found when comparing the 2b sequence of
CMV-KT with CMV-TN, but both were silent mutations.
Discussion
This study demonstrated that CMV-KT, a mild strain of
CMV, can suppress the posttranscriptional RNA silencing
of a transgene that confers TuMV resistance to transgenic
Arabidopsis plants, allowing subsequent TuMV infection
in the developing leaves. Under natural conditions, syner-
getic effects are often observed in various plant–virus
interactions, including mixed infection by CMV and pot-
yviruses. In radish, severe mosaic symptoms are induced
synergistically by mixed infection of CMV and TuMV,
although infection solely by CMV induces no symptoms in
infected plants (Sano and Kojima 1989). CMV can also
affect the host’s innate metabolism and enhance disease
severity after simultaneous infection of plants with pot-
yviruses (Wang et al. 2002). In some cases, proteins that
suppress RNA silencing mediate the synergistic interac-
tions (Brigneti et al. 1998). Siddiqui et al. (2011) reported
that a mild strain, CMV-Kin, enhances symptom devel-
opment of tobacco plants infected by TMV. In this case,
only the 2b protein of CMV is needed for this synergistic
Table 1 Differential responses of Turnip mosaic virus (TuMV)-resistant transgenic Arabidopsis thaliana plants to challenge inoculation with
TuMV after pre-inoculation with a mild strain of Cucumber mosaic virus (CMV)-KT of either developing or mature leaves
Leaf typea pre-inoculated Arabidopsis lineb No. of plants with TuMVc Infection rate (%)
Inoculated Infected Detected
Immature CP112-R1 20 8 8 40
CP202-R1 20 12 12
CP232-R1 20 12 12 60
Col-0 10 10 10 100
Mature CP112-R1 20 0 0 0
CP202-R1 20 0 0 0
CP232-R1 20 0 0 0
Col-0 10 10 10 100
a CMV was used to rub-inoculate 3 mature leaves of plants at the 10-leaf growth stage, which were kept in a growth chamber at 22 C with 12 h
light/12 h dark until challenge inoculation with TuMV
b Wild type (Col-0)-derived, TuMV-resistant, transgenic A. thaliana lines that contain a transcriptionally RNA-silenced TuMV-coat protein
(CP) transgene
c TuMV was used to challenge-inoculate either immature at 7 days or mature leaves at 14 days, after pre-inoculation with mild strain CMV-KT.
Viral infection was confirmed by growth retardation, mosaic symptom on leaves, or both. TuMV multiplication was confirmed by RT-PCR using
a specific primer pair to amplify the conserved region of the nuclear inclusion b (NIb) gene of TuMV
a  
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Fig. 3 Detection of challenge-inoculated Turnip mosaic virus
(TuMV) by RT-PCR in TuMV-resistant transgenic Arabidopsis
thaliana plants carrying TuMV-coat protein transgenes after pre-
inoculation with a mild strain of Cucumber mosaic virus (CMV)-KT
of mature (a) or developing (b) leaves at 7 or 14 days after pre-
inoculation, respectively. Lane 1 TuMV inoculated nontransgenic
Col-0; lanes 2–4 noninoculated transgenic lines without CMV pre-
inoculation; lanes 5–7 TuMV-challenge-inoculated transgenic lines
after pre-inoculation with CMV-KT. Transgenic lines are CP112-R1
(lanes 2 and 5), CP202-R1 (lanes 3 and 6) and CP232-R1 (lanes 4 and
7). RT-PCR was performed using a specific primer pair that can
amplify the conserved region of nuclear inclusion b (NIb) gene of
TuMV
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relationship. The present study suggests that pre-inocula-
tion with a mild strain of CMV-KT allows TuMV to infect
TuR-At plants by suppressing RNA silencing of the
TuMV-CP transgene, probably via synergetic interaction
with the CMV 2b protein.
The 2b protein of CMV was initially identified as a factor
in two functions, viral movement and pathogenicity deter-
mination, and later as a factor in RSS (Brigneti et al. 1998;
Ding et al. 1995; Lucy et al. 2000). In general, strains of
CMV subgroup I are more virulent than those of subgroup
II, and the 2b protein gene is a major determinant of viral
virulence (Shi et al. 2002). The 2b protein of subgroup I
strains tends to have higher RSS activity than do the 2b
proteins of subgroup II strains (Ye et al. 2009). In general,
the degree of symptom attenuation is positively correlated
with reduced RNA silencing suppression activity. Kubota
et al. (2003) reported that, in the case of a mild strain of
TMV, L11, a single amino acid change within the 130-kDa
protein accounts for the attenuation of its pathogenicity due
to its reduced RNA silencing ability. Mutations within the
HC-Pro gene of PPV, a member of the potyviruses, have
been shown to be responsible for the differential ability of
viral strains to suppress RNA silencing suppression and
cause symptoms (Gonza´lez-Jara et al. 2005). Goto et al.
(2007) reported that an attenuated CMV strain, CM95, had
weaker RSS activity than that of its virulent revertant, and a
key factor accounting for the noted difference in viral RNA
silencing suppression was mapped to a single amino acid
residue within the 2b protein. These results suggest that the
difference in pathogenicity between CMV-KT and CMV-Y
used in the present study affected the difference in sup-
pressor activity of these strains. On the other hand, Lin et al.
(2007) showed that an attenuated strain of Zucchini yellow
mosaic virus did not affect RNA silencing suppression,
implying that symptom attenuation is not always correlated
with reduced levels of RNA silencing suppression. The
CMV-KT used in this work causes mild mosaic symptoms
in N. tabacum or tomato, whereas CMV-TN did not induce
any symptoms in these plants (Nomura et al. 2012). The
present study also indicated that differences in the patho-
genicity of the mild strains CMV-KT and CMV-TN did not
simply correlate with the mutations we identified within the
2b gene. As other genes and factors, such as CP genes and
satellite RNAs, have been reported to also affect viral
pathogenicity (Devic et al. 1989; Gonsalves et al. 1982;
Shintaku et al. 1992; Suzuki et al. 1995), unknown factors
other than base changes in the 2b protein gene might
account for the differences observed in viral symptoms
caused by CMV-Y or CMV-KT (Lewsey et al. 2009).
RNA silencing is known to be strongly suppressed in
apical tissue and newly emerged leaves after CMV infec-
tion (Be´clin et al. 1998; Brigneti et al. 1998). In the present
study, we observed that suppression of RNA silencing was
induced mostly in the new developing leaves. Breakdown
of TuMV resistance by CMV-KT must have occurred in
the new, developing leaves because CMV-KT cannot
suppress the RNA silencing machinery in such developing
tissues before viral invasion. The presence of CMV was
essential for the suppression of silenced sense transgenes in
new leaves (Be´clin et al. 1998). These results suggest that
the breakdown of TuMV resistance by CMV-KT may be
due to the viral movement and distribution after infection.
Further analysis is required to reveal the differential
infection dynamics of various plant–virus interactions in
which mixed infections with mild or weakly pathogenic
viral strains affect the development and severity of virus-
induced symptoms.
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